T he Endovascular Treatment for Small Core and Proximal
Occlusion Ischemic Stroke (ESCAPE) trial provided evidence of the benefit of endovascular treatment in patients with moderate to severe ischemic stroke. 1 The trial was based on the premise that patients with large-vessel occlusion of the anterior circulation with small to moderate infarct core and moderate to good collaterals identified on computed tomography (CT)-based imaging would benefit most from endovascular treatment if reperfusion was achieved quickly after imaging. 1, 2 In the ESCAPE trial, brain and neurovascular imaging identified favorable physiology; the clock started ticking from first imaging, the point of clinical decision making.
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In these prespecified secondary analyses, we analyze the effect of time from stroke symptom onset to imaging, time from imaging to reperfusion, and time from stroke symptom onset to reperfusion on clinical outcome among patients who received endovascular treatment in the ESCAPE trial. To reduce the inefficiencies in workflow that prolong the delivery of treatment and subsequent reperfusion, the ESCAPE trial used an active quality improvement process that provided site guidance on rapid image acquisition and interpretation, quick transfer to the angiography suite, and fast endovascular techniques. This quality improvement process contributed to the trial achieving highly efficient workflow metrics. Nonetheless, by recognizing that inefficiencies still exist, strategies for further improvement can be formulated. We analyzed patient, hospital, and health system characteristics associated with inefficiencies in workflow, ie, increase in interval times from stroke symptom onset to arrival in the emergency department, to imaging, to treatment administration, and to reperfusion.
Methods
The ESCAPE trial (clinicaltrials.gov NCT01778335) was an investigator-initiated multicenter randomized, controlled trial assessing the additional benefit of modern endovascular treatment in comparison with guideline-based standard of care. The trial screened patients fulfilling clinical eligibility criteria if they presented within 12 hours of stroke symptom onset and then included them only if they met neurovascular imaging criteria. The trial enrolled 316 patients from 22 sites across 3 continents between February 2013 and October 2014. 1, 3 The drive to optimal workflow began with site selection. Sites were selected only after documentation of efficient workflow demonstrated by 5 cases showing a CT-to-groin puncture time of <60 minutes and CT-to-reperfusion time of <90 minutes. All sites were visited in person. In half of the sites where it was permitted by local research ethics boards or institutional review boards, a deferral of consent process was used. A CT-based imaging paradigm that included noncontrast CT and multiphase CT angiography was designed to allow for quick acquisition and interpretation. 4 The quality improvement process focused on achieving a qualifying CT-to-groin puncture time of ≤60 minutes and a qualifying CT-to-reperfusion time of ≤90 minutes through frequent in-person and Web-based teaching aids. 3 Workflow and imaging data were analyzed weekly and frequent feedback provided to all sites through Web-based teleconferences. 5 The trial collected data on multiple events in the workflow from stroke symptom onset to reperfusion including time of stroke symptom onset, arrival in the emergency department of the endovascularcapable hospital, baseline imaging, randomization, intravenous tissue plasminogen activator (alteplase) administration, randomization, groin puncture, and reperfusion. Among patients who were referred to the endovascular-capable hospital from another hospital, data were collected on whether intravenous alteplase was administered before arrival in the emergency department of the endovascular-capable hospital (drip and ship) or after qualifying CT at the endovascularcapable hospital. Hospital arrival was defined as arrival at the emergency department of the endovascular-capable hospital. Decision on trial enrollment occurred only after imaging was performed at the endovascular-capable hospital. Baseline imaging time was defined as the time of the first slice of noncontrast CT head before randomization performed at the endovascular-capable hospital (qualifying CT). This definition ensured that the workflow metrics CT-to-groin puncture and CT-to-reperfusion time captured the time taken to acquire and interpret imaging. Reperfusion time was defined as time of first reflow into the middle cerebral artery territory. Data were collected on pertinent patient, hospital, and health system characteristics that can potentially influence workflow, including on (between 8 am and 5 pm on weekdays) versus off hours (before 8 am or after 5 pm on weekdays or on a weekend), anticoagulation use before stroke onset, use of general anesthesia, use of guide catheters as part of endovascular technique, difficulty in accessing target thrombus (left versus right anterior circulation), and country of enrolling site. [6] [7] [8] [9] A flow chart showing steps in the ESCAPE trial leading up to treatment administration is shown in Figure 1 . 1
Statistical Analyses
We considered 4 specific interval times: onset to emergency department arrival, emergency department arrival to qualifying CT scan, qualifying CT scan to groin puncture, and groin puncture to reperfusion. When reperfusion was not achieved, the reperfusion time was considered missing and was not imputed. Interval times from stroke symptom onset to first reperfusion are reported using medians and interquartile range (Table) . All time intervals have skewed data distributions (nonnormal; Figure I in the online-only Data Supplement). A graphical examination of the residuals from linear regression revealed that the assumption of normality of residuals was not tenable for the time interval data, despite attempting a variety of transformations. We therefore investigated the use of generalized linear regression models for modeling the time interval data as discrete count data. Specifically, we examined whether Poisson regression, negative binomial regression, or gamma regression could provide the best fit to the data. Information theory approaches such as likelihood ratio test and Akaike information criterion were used to determine the regression model with the best fit to the data. To assess the relationship between patient, hospital, and health system characteristics as predictors of longer interval times, a negative binomial regression provided the best fit to the data. Therefore incidence rate ratios are reported for predictor variables associated with prolongation in each interval time after adjusting for other prespecified variables ( Figure 2 ).
Logistic regression models were used to estimate the probability of functionally independent outcome (modified Rankin Scale 0-2 at 90 days) based on time from stroke symptom onset to qualifying CT, stroke symptom onset to first reperfusion, and qualifying CT to reperfusion after adjusting for age, sex, baseline National Institutes of Health Stroke Scale, occlusion site, baseline Alberta Stroke Program Early CT Score (ASPECTS), intravenous alteplase administration (and time from stroke symptom onset to qualifying CT when the predictor time variable was time from qualifying CT to reperfusion). Finally, because the primary outcome of the ESCAPE trial was the common odds ratio (shift analysis), similar analyses were performed for all other cut points on the ordinal modified Rankin Scale at 90 days. Statistical analysis was performed in R version 3.2.1 (R Development Core Team, 2014) and Stata/MP version 14.0 (StataCorp LP). Statistical significance was assessed at α<0.05 in all analyses.
Results
Interval times for trial workflow are described in the Table. Predictors of prolonged time intervals are shown in Figure 2 . Time from stroke symptom onset to arrival in the emergency department of the endovascular-capable hospital was, on average, 42% (34 minutes) longer among patients who received intravenous alteplase at the referring hospital and were subsequently transferred to the endovascular-capable hospital (drip and ship) in comparison with patients who were directly transferred to the endovascular-capable hospital (direct to mothership). Similarly, time from emergency department arrival to qualifying CT was, on average, 40% (8 minutes) longer among patients treated by the drip-and-ship paradigm than among patients who were transferred direct to mothership.
Time from qualifying CT to groin puncture was, on average, 15% (8 minutes) shorter among patients who presented to the endovascular-capable hospital during on hours versus those presenting during off hours. In patients who received intravenous alteplase and endovascular treatment (n=109), time from qualifying CT to groin puncture was, on average, 41% (24 minutes) shorter when intravenous alteplase was administered before emergency department arrival (drip and ship) than when intravenous alteplase was administered after qualifying CT (direct to mothership). Administration of general anesthesia was associated with prolongation of CT-to-groin puncture time by 43% (22 minutes), on average, in comparison with patients who did not receive general anesthesia. The use of a balloon guide catheter as part of the endovascular technique was associated with shortened time from groin puncture to first reperfusion by 21% (8 minutes), on average, whereas a 5-point increase in the baseline National Institutes of Health Stroke Scale (stroke severity) prolonged this time by 11% (2 minutes). Deferral of consent, anticoagulation use before stroke onset, and side of stroke were not associated with differential workflow metrics in the trial. The relationship between the probability of achieving functionally independent outcome (modified Rankin Scale [mRS] 0-2 at 90 days) and time from stroke symptom onset to qualifying CT, qualifying CT to reperfusion, and stroke symptom onset to reperfusion is shown in Figure 3 . Every 30-minute increase in time from qualifying CT to reperfusion is associated with an absolute decrease in the probability of functionally independent outcome (mRS 0-2 at 90 days) by 8.3%, after adjusting for age, sex, baseline National Institutes of Health Stroke Scale, occlusion site, baseline ASPECTS, intravenous alteplase administration, and time from onset to qualifying CT (P=0.006). No statistically significant relationship was noted between stroke symptom onset to qualifying CT time and functionally independent outcome (mRS 0-2 at 90 days) in either arm of the trial (P≥0.05). Test for interaction between stroke symptom onset to qualifying CT time and treatment allocation was nonsignificant (P=0.69; Figure 3 ). A modest relationship was noted between time from stroke symptom onset to reperfusion and the probability of achieving functionally independent outcome (mRS 0-2 at 90 days; P=0.04). Every 30-minute increase in time from stroke symptom onset to reperfusion is associated with an absolute reduction in the probability of functionally independent outcome (mRS 0-2 at 90 days) by 1.9% (Figure 3) .
The relationship between the probability of achieving each mRS cut point and time from stroke symptom onset to qualifying CT, qualifying CT to reperfusion, and stroke symptom onset to reperfusion is shown in Table I in the online-only Data Supplement. The relationship between the probability of achieving functionally independent outcome (mRS 0-2 at 90 days) and time from stroke symptom onset to randomization in either arm of the trial (P≥0.05) is shown in Figure II 
Discussion
In the ESCAPE trial, achieving a short imaging-to-reperfusion time significantly improved the chance of achieving a functionally independent outcome. There was no relationship between outcome and stroke symptom onset-to-imaging time, whereas the relationship between outcome and stroke symptom onset to reperfusion was modest. These results support the underlying premise of the trial design, that eligibility for reperfusion therapy in patients with ischemic stroke and proximal anterior circulation occlusion is determined by simple imaging as an instantaneous measure of the brain physiology. Acting rapidly and successfully on that information then predicts the outcome. 1, 3 Our results provide strong supportive evidence for the use of the imaging-to-puncture and imaging-to-reperfusion metrics as performance metrics and benchmarks for administering endovascular therapy. 6, 8 The finding that there is no relationship between clinical outcome and time from stroke symptom onset to qualifying CT should not be overinterpreted. All time delays before imaging matter. 6, 10, 11 Stroke symptom onset time, however, is often inaccurate. Reasons include the fact that a majority of stroke patients are older and live alone, thereby having unwitnessed symptom onset; many strokes happen when patients are sleeping; many patients have fluctuating symptoms; and, in some cases, the witness is unable to recall the precise time of onset. Stroke symptom onset to imaging or reperfusion time is probably a less accurate measure of stroke physiology than imaging. Moreover, the ESCAPE trial design limited enrollment to patients with small to moderate ischemic core on imaging regardless of the time from stroke symptom onset. Although not captured in the trial, we suspect that the proportion of eligible patients with beneficial physiology on imaging dropped with increasing time from stroke symptom onset to qualifying CT. 12 Several factors contribute to the speed of treatment. The ESCAPE trial used an intensive quality improvement process focused on quick, reliable imaging and efficient workflow from imaging to reperfusion with targets of qualifying CT-togroin puncture time of <60 minutes and a CT-to-reperfusion time of <90 minutes. These workflow metrics are the fastest reported in patients with acute disabling ischemic stroke and significantly better than those required by the recent Multisociety Consensus Quality Improvement Guidelines for Intraarterial therapy. 6, 8, [13] [14] [15] [16] [17] [18] [19] The trial enrollment rate of 1.44 subjects per site per month, among the highest in recent acute stroke trials, at 22 sites on 3 continents attests to the generalizability of the workflow metrics achieved in the trial. 1 Nonetheless, our analysis identified inefficiencies. Among these, transport of patient from first contact to endovascular-capable hospital (drip and ship versus direct to mothership paradigms), patient arriving at endovascular-capable hospital during off hours, intravenous alteplase administration in endovascular-capable hospitals, general anesthesia before endovascular procedure, and not using balloon guide catheters during the endovascular procedure represent opportunities for improvement. 6, 9, 13 As in previous studies, we show that workflow was less efficient during off hours. 6, 9, 13 Although the low number of patients with stroke currently eligible for endovascular treatment might make it challenging to have 24/7 in-house interventional teams, centralized hub-and-spoke models of stroke care, by increasing patient volumes in hub hospitals, could potentially make these changes pragmatically viable. Akin to multiple previous studies, we show that the use of general anesthesia is associated with longer times and prolonged workflow. 6, 13, 20, 21 General anesthesia is often unnecessary for thrombectomy and was used in only 9% of patients in the ESCAPE Figure 3 . Estimated probability of achieving functionally independent outcome (modified Rankin Scale [mRS] 0-2) at 90 days by time from stroke symptom onset to qualifying CT (for both intervention and control arm; A), qualifying CT to first reperfusion (B), and stroke symptom onset to first reperfusion (C) in patients in the ESCAPE trial. A significant relationship between probability of functionally independent outcome and time is noted with imaging to reperfusion time. Every 30-minute increase in time from qualifying CT to reperfusion is associated with an absolute decrease in the probability of functionally independent outcome by 8.3%. A modest relationship is seen between stroke symptom onset to reperfusion time and functionally independent outcome. Every 30-minute increase in time from stroke symptom onset to reperfusion is associated with an absolute decrease in the probability of functionally independent outcome by 1.9%. No relationship is noted between stroke symptom onset to imaging time and outcome in either intervention or control arms of the study. CI indicates confidence interval; and CT, computed tomography.
by guest on July 30, 2017 http://circ.ahajournals.org/ Downloaded from trial. The endovascular procedure itself is challenging, more so in patients with difficult access to the target thrombus. As shown in previous technical reports, our data suggest that the use of balloon guide catheters may potentially lead to quick and efficient recanalization. 22 Finally, although deferral of consent was used in some patients, this process itself was not measurably associated with improvement in workflow.
Administration of intravenous alteplase is standard of care in patients with acute ischemic stroke presenting within 4.5 hours of symptom onset. 23, 24 The ESCAPE trial stressed the need for a parallel workflow in endovascular-capable hospitals aimed at delivering intravenous alteplase to eligible patients without in any way delaying the patient's transport to the angiography suite. Strategies included randomization before international normalized ratio results, because alteplase decision making was independent of ESCAPE randomization, administering alteplase bolus and infusion while the technologist was preparing the patient for CT angiography, and transferring the patient to the angiography suite without waiting for a clinical response to intravenous alteplase. Despite these measures, our analysis reveals that alteplase administration was associated with longer times from qualifying CT to groin puncture, suggesting that workflow may not have been in parallel in many patients. 6 Novel thrombolytic agents such as intravenous tenecteplase, with its potentially faster treatment administration protocol as an intravenous bolus rather than infusion over 60 minutes, may help improve workflow. 25, 26 For endovascular-eligible patients identified on imaging, who are also eligible to receive intravenous alteplase, a focus on improving the first imaging-to-groin puncture (picture to puncture) metric should mirror ongoing efforts at improving the door-to-needle metric. 6, 8, 27 The longer time from stroke symptom onset to emergency department arrival (at endovascular-capable tertiary hospitals) in the drip-and-ship treatment paradigm (intravenous alteplase before endovascular hospital emergency department arrival) in comparison with the direct to mothership approach is well known. 13, 28 Improving interval times is a complex system issue that must take into account geographical distributions and staffing patterns of primary and tertiary hospitals, transport times to these hospitals from first patient contact and with the drip-and-ship paradigm, mandating short (ideally ≤30 minutes) door-in to door-out times. 9, 18, 29, 30 Depending on the extent of centralization of stroke services, each health system may identify different solutions to minimize the time from first contact to reperfusion.
In conclusion, data from the ESCAPE trial support a refinement of the now well-known onset-to-treatment paradigm for acute stroke treatment. We show that the onset-toreperfusion time epoch can now be broken up into 2 epochs, ie, time from onset to imaging and from imaging to reperfusion. These time epochs now provide a model for understanding the role of time and imaging selection. The first time epoch may determine who is eligible for therapy. The second time epoch, ie, imaging to reperfusion (treatment), determines who does well from therapy. Speed of treatment can be achieved in dedicated stroke centers with teamwork, parallel workflow, and a focus on quality improvement. Inefficiencies in triaging systems, presentation during off hours, intravenous alteplase administration, use of general anesthesia, and endovascular techniques offer major opportunities for improvement. Endovascular-capable hospitals should identify eligible patients by using quick and reliable imaging techniques and focus on achieving reperfusion as quickly and efficiently as possible.
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